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ABSTRACT

~’he environment near Lhe MarLian surface c;cmsists of a
1 ow-pressure carbon di oxide atmospher( whi ch ])robably contains
ai rborne e] ecLros LaLi tally charged. dust part ~ c1 es. IL has
been hypc>thesi z,ed t.ha~ this dus L might b[’ at, tract. ed Lo
operati ng sol ar cells, consequent. ] y obscur~ ]ig 1 i ght. and
reduci ng sol ar array power ou~put . A Mars cnvi rcmnent was
t.heref ore simu] at. ed and experi ment.s run in o~-d(,r t.o det. ermi ne
t. h e effects of charged and unc:hargf:d dust. C)ll SC)] ar array
performance. Resul t.s wil 1 be an~]l yzed L.o eval uat. e t-he
viabi 1 it. y of sol ar c:ells in JPI,’ s Mars l)at hf i rider power
system.

INTRODUCTION

‘l’he atmosphere of Mars i s c:ompc)sed of 95.5 percent C02,
2.7 percent. N2, 1 .6 percent Ar, .15 pE’:rCeIIL 02, tind .07 percent
co’ . Water vapor is virtual ly <~bsent i]] the Mart-i an
envi ronmenL. At.mc)spheri c pressure n(’ar Lhc surface averages
4.0 Lorr. Typi cal LemperaLures  on Mars range f rclm -140° C to
30” c. Mart, ian windspeecls  have lLOL been CJU~nti f i ed aS
preci se] y, but, i L is thought that. wi IIdspeed near the Martian
surface is near) y always less than 20 m/s. An average value of
windspeed WOUI d probably be c:] oser t o 6 m/s. We also have
data on the composi ti cm of: Martian dust. l+;] enlenta] anal ysis
has reveal ed Si02 (43 .3 percent ) , Fe20~ (1 8.2 percent) , AI.203
(7.2 percent) , SOS (7.2 percent) as we] ) as varying t-races of
other consti Luent.s .2

JPI, i.s p] arming LO send a land[r/mi crorover package Lo
Mars to make envi ronmc’nt, al surveys fc]r at. 1 east 30 days . ‘T’he
project. i s cal 1 ecl Mars Pathfinder ;md the 1 aunch date i s
schedul ed for I)ecember 5, ~996. ‘l’he lander wil 1 be a
LeLrahedron  - shapeci moclul. e. After im])act. ing UI)C)13 Lhe Mart-i an
surface, three of the lander’ s side:: wi 1 ] ul~f c)] d t.c) reveal
three 11 ft,2 sol ar arrays whi ch will qenerat c up LO 196 W for
t-he Pathfinder power system. !L’lle mic:rorover wi 1 I be equipped
with it, s own SO]ar Cc:] ] s.

A pot. enLial probl em ari ses becau::e Martian dust particles
acqui re e] ectrostat. i c charges. Part. icl es can become
e] ectrc)st-ati  cal 1 y charged from UV i rradiatic)~i or t.riboel ect. ri c
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effects. The dryness of the Mart5 an atmosphere probably
contributes sj gni f i cant, ] y to dust cl)argirlg. The charge to
mass rat, j o q/m of a Martj an dust. parti cl e prcdmh] y ranges from
10-6 tO 10-4 C!/Kg. s ) t. i.s possible tha L when solar cel 1s are
operating i n the I)athfi rider pow~!r sys Lem, the e] ectromagneti c
f iel d set, up COUI d jnteract with charged dust. parti cles to
attract- such dust. to t he surface of the arrays . l.f thi s were
to happen, light WOUI d be obscured ilnd power cmtput of the
solar arrays would decrease. ~’herefore, a sjmulatjon of a
Martian atmosphere was prepared and solar c:el 1 ]mrforrnance was
monitored under varyi ng conciiti.ons. Atmosphere c clust 1 oadi. ng,
jnsol. at. ion, and IJV irradj atio~l int[nsity were exami ned as
j ndependent.  vari abl es .

MATERIALS

I’ests were run inside a cy~ illdrica] stainless steel
vacuum chamber, 45 ft3 in volume, l)orrowed from JPL’s Dr.
Arthur I,ane. l’he vacuum chamber wa:; equipped wi th swi ngi ng
doors at ej t-her end, ports for windows and f eed - thrus, and
p] umbing for backf i 11 i ng and watercooling. A Welch mechanical.
vacuum pump wi th a 1 hp motor was used to pump down to about
3 torr. lnsi de t,he chamber, arl al umi num PI ate was placed in
a horj zontal p] ane, 15 in. abc]ve Lh[ bottom of the chamber.
l’his plate served tc) divide i low and prc)vi de a “ground”
surface on whj ch to p] ace samples and instrumentation.
Aluminum was chosen for t,his p] ate due to its low cost and
1 ight weight . Wi th t,he af orementi on(d gas composi ti on, and a
pressure between 3 to 5 Lorr, outgass:ing was not considered LO
be a serjous problem; therefore, al umi num W;IS used on more
than one occ:asi on inside t,he chamber.

An e] ectri c fan was used tc) generate wind inside the
chamber. A 14 in. diameter 7- bl;ided, bac:kwardl.y  curved,
aluminum axial- flow fan blade ~as used wi t.h a I hp 208 VAC, 3-
phase GE motor. ‘The fan was placed underneath the ground
plate t-o create wind as shown in fi{~ure 2. No type of flow
st-rai ghteners were used predominately for reasons of
simpl. icit-y. In addition, ground cf feet. s on Mars ‘ surface
should be expected, so straightening f 1 ow js not necessarily
desirable. The wind speed di ctated ljy the fan ‘ s performance,
the COZ flujd properties, and the chamber geometry was 1 m/s.
Wj ndspeed was measured wi th the use of a drogue wind gauge.
This speed was thought to be adequat<: for two reasons: it was
suf f icien~ to ci rcul ate airborne CIUSL, i t, was c)n t-he order of
the average Martian wind speed, and clearj ng c)f solar arrays
by Aeolian effects was not being tested. 1 t. has been shown

—.. —
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that windspeeds of at least 35 m/s arc necessary t.o clear dust
off of solar arrays.4

The atmosphere used was hone-dry COZ purchased
commercial ly. This gas was guaranteeci  to cc)nt.ziin less than 10
ppm of water, and accc]rding to the supplier usually contains
about 4 ppm HZO. The overall COZ purity was 99.99 percent,
which was more than pure enough to sjmul ate a Martian
atmosphere. No evidence has been found that. would suggest
that electrostatic dust precipitat.jon  would depend on the
other trace gases i.n Mars’ atmosphere, so an exact simulation
was not a concern.

Two types of dust were ccmsidered fc)r the simulation.
First, a sample of pa:l.agonite  was bol-roweci  frcm~ Ted Roush at
NASA Ames. This dust was mined f]om a Hawaiian volcanic
region and has strong chemical. sirnila?’ity tc) ac~ual Mars dust.
However, the sample has a mean dust. size of about .15 ~f.
Another sample was obtained with a mean size of about 2
microns. This sample was powclered potter’ clay (Carbonale
Red) , which is readily available and inexpensive. I+;xperience
gained by Dr. Ron Greeley at NASA Ames’s Mars wind tunnel
(MARSW17’) tells us that size should af”fec(. electrostatic
charging more than chemistry. Furthermc)re, particles with
greater surface area to volume rat.ic)s att.enuaLe more light.
Therefore, the potter’s clay was selected for the experiment.

Finally, the solar cells used we]-e AS13C GaAs solar cells.
The array was a square of four (4) cells, each of which was
square, 2 cm on a side. Only four cells were used because the
limit of the mass instrumentation, a Met.Ller AE-1OO
mi.crobalance, was 20 g. The solar array, including its
backing and terminals, measured 18.653(0) 9. ‘j’he >ight soyrce
for the array was a 250 W hal.ocjen  li~]ht bulb, which provided
6.58 mW/cn12 of insolation.

METHOD

l’he amount of’ dust in the Mart.ia]l atmc)sphcre is given by:

N’Nc)Texp(-z/h)

where N is dust concentration in particles per cm3, No is
surface dust concentration ec~ual t.o 6 parLic:les per cm3 for 2
micron dust, ~ is optical opacity, z is a:~t.itllde in km, and h
equals 10 km.b For this experiment, grcm~ld level. (2=0)
concentration was desired so dust cc)ncentrat.ion  was a linear

.
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function of optical opacity. Typical values c)f 7 on Mars are
7$=1 ; worst. case values (dust storm) would be 7=5. Knowing
Lhe density of the dust, simul ant to be 2.8 g/cmq, different
masses of dust were chosen to cc)rrespond  to c)pt ical opacities
ranging frOm 7=1 t.o T=5, initially. Later, greater dust
concentrate ons were used in an effort t. c) observe an
obscuration effect. Dust. masses were loaded into a dust
hopper and placed in the chamber. The dust hopper was
supplied with COt from the backfill line. Dust was dispersed
by injecting the hopper with a burst of COZ that forced the
dust out through a fine screen at. the top c)f the hopper. Sand
(size >> 2 mi-cron) was also placed i]l Lhe hopper to break up
clumped dust as it was ejected. This method was devis d and

cused successfully in the pastz,by Rod Leach at MARSWIT. . . .
Atmospheric compositicm was ol)tained )Jy pumping the

vacuum chamber full. of air down to 1 torr and then backfilling
with COZ to 200 Lorr. This provided a puri.t.y c)f 99.5 percent
with water content at less than 20 ]Jpm. ‘1’h~s gas was then
pumped down to 3 to 5 torr. The c]larnber W:LS subsequently
sealed and tests were run for time durat.ic)]is of Up to 85
minutes. The chamber was leak tested with a helium leak
detector and ultimately it prcwsd to leak at a rate equivalent
to 500 mill.itorr  of pressure pe]- day. Electrostatic
precipitation should not depend si!;nificantly on pressure
variations on that order, so the chamber was no~ pumped down
while tests were run. This greatly s~mplified the mechanical
design of the vacuum system.

During tests, the fan motor and halogen light heated up
the gas inside the chamber. However, since COq at 5 Lorr is
a poor conductor c)f heat, the array temperature rose slowly.
Chamber temperature ranged from 1.6° C to 25° C during testing,
with the increase due to radiant heating. Temperatures in
this range will be approached near midday or~ Mars. Since
solar cell performance is degraded by heating, our results
should be considered as a worst case scenaric>. Nevertheless,
solar array temperature was rnonitor(d  closely. At about 5
Lorr, overheating of equipment was a major concern. The
electric fan had to be water-cooled. Care was taken to make
sure that moisture did not leak i.ntc) the vacuum chamber, since
dryness was an important part of the simu]ati.c)n. The liquid
fluorescent display of our MetLler AE-1OO microbalance  also
had to be set up outside of’ the chamber in orcier to avoid
overheating.

Once al 1 engineering problems were clealt with,
experiments were developed and run. First of all, control
data was obtained by weighing the solar cells and monitoring
short-circuit current (I,c) without i.nso]ation o r  UV
irradiation and with no wind or dust in Lhe chamber. Then,
wind was created and stability of the system was observed.
Next, white light was applied to the cells ancl performance
readings were taken. Dust was then dispersed intc) the chamber
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and open-circuit voltage (VW) , 1,,, a]ld cell temperature were
monitored while wind was present . After a per~od of time, the
wind was stopped and the halogen lig}lt was turned off. Dust
was allowed to settle and then final readings were taken.
This process was repeated for time periods of 20 and 85
minutes, both with the same settling time of 1.0 minutes at the
end. Next, similar tests were run with the addition of dust
ionization. A 500 W mercury arc lam]] was used to expose the
dust to W radiation; only dust WhiC]l circulated through the
chamber was directly exposed to the lTV source. In addition,
a .025 in. tungsten wire carrying 3.2 A of current was used as
a hot emitt.,er. Fj.nally,  36 V of voltage bias was applied to
the array in an effort to magnify attractive forces between
the array and airborne dust. These measures established a
probability of electrostatic dust charging.

RESULTS AND DISCUSSION

Tests failed to show any sign of electrostatic dust
precipitation. Timed trials run wjth dust. and ionization
measures applied showed slight decreases i.n cell performance
(see fig. 1). However, solar cell telnperature rose with time
during the trials (fig. 2) . Hence, the reduction in power
output cannot be attributed to dust depositic]n. During all
trials, masses of dust. deposited on the 16 cm2 solar array
were less than .2. mg. Independent tests in STI) air indicated
that masses of dust (cleposited  on ar]-ays) on the order of 10
mg would be necessary to noticeably decrease short-circuit
current (fig. 5) . This suggests that ternperat.ure  rise, and
not dust precipitation, is responsible for the slight changes
observed. When extreme amounts of dust, (=150 mg) were
dispersed in the chamber, the results were similar to the ones
depicted in figure 1. Such quantiti~s of dust correspond to
impossible optical opacities, yet still did nc)t appear to
effect photovolt.ai.c  output.

Possible sources of error can already be identified.
First of all, measurement of” the quantity of dust. airborne in
the vacuum chamber was not feasible, SC) data on that
independent variable i.s largely an estimate. Error could
arise in the transferal of dust to the dust. hopper after it is
initially weighed. In addi.tj.on, the COZ backfill jet cannot
eject all of the dust in the hopper so additional uncertainty
is added there. The halogen light source used was run off of
standard 130 V buj.1.ding electricity. Such a pc]wer source can
be expected to fluctuate due to voltage spikes, surges, etc.
Therefore, small fluctuations in sell.a~ cell performance cannot
be attributed to dust precipitation with certajnt.y. However,
this experiment was not designeci to identify small variations
i.n cell. performance. Finally, the fact that the solar array
temperature changes during the test requires a correction (see
figs . 3 & 4 ) . In all, though, ther~: is nc) reason to think
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that the qualitat.  j.ve results produced are anyttljng but valid.
Correction factors would have to be determined if precise cell
performance was LCJ be predj.cted.

CONCLUSIONS

A satisfactory simulation of the Martian surface was
obtained. Pressure, temperature, gas composition, and
windspeed were all. set at typical Martian values. The
experimental apparatus developed was kept simp]e and produced
at a low cost. Due to the vacuum chamber’s size and the
flexibility of the system, the simulation ccmld be used in the
future for a variety c)f experiments.

In all of the experiments run, there was no discernible
presence of electrostatic effects. Control data agreed with
the data obtained from runs with dust and j.onjzation apparatus
applied. Solar cell performance was observecl t.o degrade with
time, but there were factors other than dust d.epc)sition  which
could be responsible. Finally, extreme conditions were
applied in order to accentuate the effects c)f dust on the
solar arrays. Nevertheless, signifi(:ant  dust deposition was
not observed. However, the authors recommence that additional.
steps be taken in orcler t-o c~uantify dust. deposition due to
electrostatic charging. Results may be used to make
predictions about the success of phot(woltajc pc)wer systems in
use on Mars.

ACKNOWLEDGEMENTS

The authors wish to thank Caltech SURF fo~ its support of
the project. They also express thanks to JE’11 dj.vision 34 for
helpful conversions, especj.al.ly tc) Roger Williams for advice
and countless supplies. Finally, Robert Sull.~van and Dr. Ron
Greeley of Arizona State University are acknowledged for
guidance and use of their wind gauge.

REFERENCES

Banin, A. The Chemistry and Mineralow of_.@xLi_@n Soil and
Dust . NASA Conference on: Sand and Dust cm Mars, Arizona
State University, February 4--5, 1991.

Crisp, D. Qust in the Mart~aQ_A&ALsp~e.,. June 9, 1994.

Gaier, James R. and Perez-Davis, Maria E. ~jml-u~,cltion !22
~rtian Dust on SuEf~CEs. Novelnber 5, 1990.

Owen, T.C., Bj.emann,  K. , Rushneck, D.R., et al. “The
Composition of the Atmosphere at the Surface of Mars.”
Journal of GeoPklysical___EeSQa_r&ll~ vol. 82. Sept. 30,
1977.



7

Roush, T. Fax. NASA Ames. July 8, 1994.

Wang, J. INTEROFFICE MEMORANDUM 5215-94-156. JPL . June 2,
1994.



.

*’.

5s I—.  0.. #—.---w,.

50 -----4-–-:----------------
1 D.., DI, P.,..  I —

El●  v(w)
. I(*C)

mass  o f  dust
dlspol.  ed x 1 3

. .

.— — r-- 8 5.00  mW/cme2
●  150DmW/cm~2

. . . . . . ~“
+-.  . . ● – 1 ‘-— . . . ..__.._,0

0 5

00

t
1 0  - - — - _ . - —

—“—~ - . ,
.— —.

———.
so 100  1s0

[c]

J_7 ..-,.-..- T -.--.—.  --—.--—r.  -—.  -

0 ,0 20 3,  40 60 *O 70 80 90

T i m e  [mln]

.!*C .,00  .;O :

Temperature

Pc. rlormance  o f  t h e  A S E C  GaAs  solar  a r r a y  I n  t h e  pr.sence  of Ionlzad  dust F igure  3 . Varlntlo”  o f  A S E C  GaA,F i g u r e  1 solnr cell  short -clrcult c u r r e n t  w i t h  t e m p e r a t u r e

40

15

I

,m, .- ..–..-. . . . .. —— ..— —.

.
■ 1“-- ‘-- -

.
.

,,m
.“
.“

. .
lam

.,m-

?4 -

-.

I
. .>

E ~ - --- -- * .--.. .
●

0 m . .–——.–  . r“?!=.=_?  —-

2 .
. .

/

—.
a-

.-

!5 —-----
0 ,0 20

‘@i “-----”- “--”  ‘- “-–” -------

J ‘------”---
. .

w. .

,

.—— T———.  . . . . . . . . ,.. —. ,.. ——  -—..—=

.,5< .,00 .,0 0 $0 100 !50

-.., ..— ,.. ——r  —  .7 ..-. _

30 40 $0 60 70

Time [mIn]

.- ..—— .
,0 @o

Ten, pcrature  [ C ]

01 ASCC GnA.s Solar Air. y during  ●  n  exparlm.  n[. Figure 4. V8rlallon of A S E C  L8As #ol#r c e l l  o p e n .  clrcull  v o l t a g e  w i t h  I*mperal.re

094

Ori

Ow

0!4

026

Om

082

owl
01

.

“

.
.

B

—.--–—T—– -- r-—— —-T  .———  —,

4 0,006 0008 00i0  0(12 0,0?,  0016

Mass [g]

Figure  S . Rallo  o f  f ina l  to  Initial  shorl-clrcul! c u r r e n t
verc. ue.  mass of dust depoalted  on cells.


